The review of a representative number of papers published in recent years that include the correlation of experimental liquid-liquid equilibrium (LLE) data has been carried out, after detecting serious inconsistencies in some of the parameters recently published.
Introduction
Correlation data of multicomponent liquid-liquid equilibrium (LLE) is required in chemical engineering applications such as solvent extraction, and consequently it is a major issue in fluid phase equilibria calculations. Several authors, using different approaches, have dealt with this issue. In general, data correlation requires comparison between experimental and calculated equilibrium data. The accuracy of the results obtained in these correlations depends on many factors which are related to the quality of experimental data and how they are used, to the capability of the model selected, as well as to the robustness of the calculation algorithms to overcome the convergence problems related to them.
It is well known that the two more frequently used approaches for solving phase equilibria problems are the K-value method and the Gibbs energy minimization (GEM) method. The K-value method solves simultaneously a set of material balances and the isoactivity equilibrium condition for LLE given by 
where i refers to each component, j to the tie-line, nt and nc to the total number of tielines and components, I and II to the two conjugated liquid phases in equilibrium and exp, cal to the experimental and calculated equilibrium data, respectively.
The Gibbs energy minimization method is frequently solved by means of the Gibbs tangent plane test, formulated theoretically by Gibbs more than 100 years ago.
However, it was not until the contributions of Baker et al. [1] and Michelsen [2, 3] that the numerical implementation of the test was developed. A clear description of this subject can be found in the paper by Wasylkiewicz et al. [4] . Another example of implementation of this test in an algorithm for phase equilibrium calculations is the M A N U S C R I P T
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3 computational tool developed by McDonald and Floudas [5] . According to the test, the necessary and sufficient condition for a phase with a given composition to be stable at fixed temperature and pressure, is that the Gibbs energy curve (surface or hypersurface) of the mixture (G M ) is not intercepted by the tangent line (plane or hyperplane) at the equilibrium points for a binary (ternary or multicomponent) system, respectively. In other words, for a ternary system this condition implies that the Gibbs tangent plane distance function, TPD(x), must be non-negative for any acceptable value of composition (x) and, consequently, when two or more phases coexist in equilibrium, one common tangent plane must exist in the equilibrium points that correspond with the minor value of the global Gibbs energy of mixing.
The K-value method is that most frequently used for LLE data correlation. For instance, this is the procedure used in Liquid-Liquid Equilibrium Data Collection DECHEMA Chemistry Data Series [6] . For binary systems, the K-value procedure provides acceptable results even with poor initial guesses, but for systems with a higher number of components, it can present some limitations widely discussed in literature [7] . As a consequence, the Gibbs energy minimization procedure could be preferable in these cases.
The most important limitations of the K-value method in its application to the correlation of LLE data are:
1. Isoactivity is a necessary but not sufficient condition for LLE.
The fulfillment of isoactivity does not guarantee the correct solution for the composition of the liquid phases in equilibrium because metastable solutions can exist that satisfying the isoactivity condition are not the stable solution for the system (minimum in the global Gibbs energy of mixing). The isoactivity condition is equivalent to the G M common tangent line (plane or hyper-plane) for two, three or more components, respectively, but when more than one splitting is possible for a fixed initial global mixture, the unique stable solution is that corresponding with the minor global Gibbs energy (Gibbs minor common tangent equilibrium criterion).
Uncertainty in the isoactivity calculation
As shown in Figure 1 (a) for a binary system, it would be desirable for the G M function to give a proper definition of the two equilibrium points, which means that the M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
4 compositions with the lower common tangent line are precisely defined (x 1 I and x 1 II in this Figure) . Nevertheless, the G M function obtained in the LLE correlation, e.g. using the NRTL or UNIQUAC models, could be very linear between the two conjugated equilibrium points, depending on the values of the parameters of the model, as qualitatively shown in Figure 1 (b) [8] . This poor definition of the LLE solution has dramatic consequences in the calculation of tie-lines, as we showed in paper [8] ,
because extremely low values of the isoactivity criterion (as low as 10 -12 ) could not guarantee that the correct liquid compositions in equilibrium have been obtained. In other words, "false tie-lines" very far from the correct ones would appear to satisfy isoactivity equilibrium condition. Therefore, when the isoactivity criterion is used as the equilibrium condition, it is necessary to be very strict in the requirements for the activity equalities, specifically when we are dealing with very flat G M functions.
3. Solutions are highly dependent on initial guesses.
The high non-linearity of the activity model equations as NRTL and UNIQUAC and the computational algorithm implemented for the optimization cause different parameter sets to be obtained as a result of a given correlation, all of them with similar values for the objective function represented in Eq. (2), in which experimental and calculated equilibrium data are compared. This problem is especially relevant in LLE due to the characteristics of this type of calculation where the activity of each component on both equilibrium liquid phases must be equated at equilibrium without knowing the experimental value for any of these activities. This fact makes the validation of the results difficult and limits the application of the parameters obtained by regression in predicting phase equilibria [9] . In this respect, we proposed a procedure [10] In recent years, addressing all these problematic aspects from different points of view,
we have reviewed a substantial number of papers dealing with experimental LLE data correlation. Surprisingly, we found that a quite high percentage of these papers presented very relevant inconsistencies in their results. In the present paper, we are not concerned about the limitations of the activity coefficient models to describe the LLE data of many systems, which has been addressed extensively in many other papers, but in the discussion of frequent inconsistencies in the correlation results with the aim of encouraging authors, reviewers and editors to adopt some adequate procedure to avoid these kinds of problems. The analysis of the topology of the Gibbs energy of mixing function could have a relevant role in the solution to this problem.
Systems revised and inconsistencies detected
After we discovered some published papers where different type of inconsistencies appeared, a bibliographic search was carried out to determine the frequency of this inadequate procedure. We had no intention of finding all the papers with this kind of
problem neither make a statistical study but only to check the magnitude of the problem.
With this aim in mind, we decided to review 25 papers randomly selected among those that had used NRTL to correlate experimental LLE data for ternary systems and included all the information required to perform this study. 
V).
The 25 papers selected have been published in the last fifteen years, most of them in the last five years, and they included a total of 70 examples of LLE correlation because each paper includes several correlations for different ternary systems or for the same system at different temperatures. The activity coefficient model used in all these correlations was the NRTL equation, although we must point out that the model used has no relevance for the matter that is being discussed, and similar results could have been obtained using the UNIQUAC or any other model.
The results show that 13 of the 25 papers checked presented serious inconsistencies, which is 52 per cent. Since each paper sometimes includes the correlation of more than one system or the same system at different temperature conditions, the statistical taking into account the number of "examples" instead number of "papers" is also relevant. In this respect, 70 examples have been reviewed with a total of 42 presenting inconsistencies, which is 60 per cent. These results have been summarized in Table 1 .
Obviously any other sampling would provide other different figures, but what is relevant about these results is that real problems exist in this matter.
Although in some papers the inconsistencies are systematic, in other papers only a few tie-lines present some problem and the whole paper could still be considered valuable.
We have decided to present a general statistical analysis to show the magnitude and characteristics of the problem, but without explicit mention of the references which contain this type of mistake. Obviously, this information has been provided to the editor and reviewers during the review process to give the required credibility to the present paper.
We have classified the inconsistencies in three types: 
authors, it is clear that both exp and cal LLE compositions must be quite close to each other. Consequently, an evident non-fulfilment of the equilibrium condition, as those that will be shown in the examples below, could not be justified by the difference between the experimental and calculated compositions.
3. A usually detected type of mistake consists of the use of mass fractions in the application of the original versions of the models, which actually require the use of molar fractions. Although this issue is often fixed during the review process, it can still be observed in the published articles. In Table 1 The reasons for these errors could be in the algorithm itself, in the calculation procedure used by the author or simply a misprint in the results. We cannot know exactly the reason for the inconsistencies in all the examples analyzed, but we discuss as follows some ideas about this matter that could help to understand the problem. For instance, type B inconsistencies are quite frequent and occur because the real behavior of all the binary pairs is not imposed in the correlation algorithm nor validated after the correlation. In most cases, type T inconsistencies seem to be motivated by the incorrect application of the equilibrium conditions, e.g. metastable solutions and "relaxation" of the isoactivity condition are key factors that will be discussed below.
The utilization of inconsistent parameters could have severe consequences, e.g. when they are included in chemical process simulation software. Besides, any discussion on the capability of an activity coefficient model based on these inconsistent correlation results could be completely wrong, since the values of standard deviations or any other measurement of data fitting quality are completely unreliable, and this might erroneously influence the future work of research dealing with these topics. These aspects show the relevance of the issues discussed in the present paper.
We have selected some representative examples, among all those included in this study, to illustrate the previously discussed aspects.
Case 1
In a recent paper published in J. Chem. Thermodynamics, the authors presented the correlation of experimental LLE data for the benzene (1) + cyclohexane (2) + dimethyl sulfoxide (DMSO) (3) ternary system at T=298.15 K and atmospheric pressure (paper no. 1, example no. 1 in Table 1 ), using the NRTL model with the parameter values shown in Table 2a . The root-mean-square-deviation (RMSD) obtained was 0.006 and consequently, the authors concluded the good agreement of these results with the experimental data. These experimental compositions are represented in Figure 2 in a triangular plot, where it is shown that this is a Type I ternary system, based on the Treybal classification, where binary subsystems (1)- (2) and (1)- (3) are totally miscible (not LL splitting). However, the representation of the G M /RT function obtained for each one of the three binary subsystems using the published parameters ( Figure 3) shows that all of them are partially miscible. Specifically, the binary subsystem (1)- (2) that should be miscible shows two LL regions (two minor common tangents in Figure 3a) , the binary subsystem (1)-(3) that should also be miscible shows one LL region (one minor common tangent in Figure 3b ) and the binary subsystem (2)-(3), the only one with real partial miscibility, presents two LL regions instead of one (two minor common tangents in Figure 3c ). Consequently, the paper analyzed in case 1 presents type B inconsistencies related with the lack of checking for the parameters obtained in the totally miscible binaries. Furthermore, what is more important, the isoactivity solution obtained by the authors is a metastable solution that does not satisfy the stability condition, this one leading to two LL tie-lines (common tangent lines in Figure 3c ). The latter is a type T inconsistency in the binary (2)-(3), which propagates in the LL ternary region, as shown in Figure 4a where the calculated G M /RT surface and the experimental LLE tie-lines have been represented versus the ternary composition for this same system. In this Figure, it is once again evident that experimental tie-lines are far from satisfying the LLE equilibrium conditions with the calculated parameters, for a similar reason to that discussed for the binary subsystem (2)-(3). Moreover, this idea is reinforced in Figure 4b , which presents the intersection to the ternary G M /RT surface in the sectional plane defined by one of the experimental tie-lines, specifically that #9
(number increases with the molar fraction of (1) compared with the experimental one is a metastable solution that satisfies isoactivity but not the Gibbs stability condition for LLE. All the tie-lines presented in the paper show these type T inconsistencies among the experimental tie-lines and the parameters obtained due to metastable solutions. Consequently, the comments published in the paper on the good agreement between experimental and calculated tie-lines seem to be completely unfounded.
Case 2
In a paper published in Fluid Phase Equilibria in recent years, correlation results for LLE of the n-hexane (1) + benzene (2) + sulfolane (3) system at T=298.15K are reported (paper no. 19, example no. 58 in Table 1 ). The NRTL parameters published for this example are shown in Table 3a ). The authors state literally that: "The parameters of the NRTL model have been successfully regressed from LLE data using the particle swarm optimization (PSO) method and smaller RMSDs (root-mean square deviations)
were obtained compared with literature results". However, these model parameters provide all of the three binary subsystems partially miscible (type III ternary system) as shown in Figure 5a -c, whereas this system at the indicated conditions only has the (1)- experimental tie-lines and the NRTL published parameters for this system. Therefore, both types B and Ta inconsistencies have been found for this case 2, the latter clearly due to metastable solutions of the isoactivity criteria.
Procedure suggested
The results and discussion presented in this paper seems to indicate the necessity of In this paper, we propose some ideas that could be taken into account to implement such procedure. They are based on the topological information contained in the Gibbs energy of mixing function (G M ) to ensure the consistency of the calculated correlation parameters. The two types of checking, which have been previously discussed, should be carried out:
1. "Checking of binary subsystems (or type B) consistency"
The G M curves for all the binary subsystems included in the system (e.g. three binary subsystems in ternary systems) must be inspected for consistency with the type of system. The type of system to be correlated with a model should be indicated by the To complete this study, for cases 1 and 2, we have performed the LLE regression in order to obtain consistent sets of NRTL parameters as alternatives to the ones published.
In Tables 2b and 3b these new sets of parameters are presented along with those previously published. We have checked the consistency of these three sets of parameters. For example, in Figures 7 and 8 we show the consistency of the parameters obtained for case 1 by means of the representations proposed in this section. In Figure 7 , it is observed that only the 2-3 pair splits into two liquid phases as expected. Figure 8 shows ascertaining the consistency with the behavior of the system, in the same way that they strive to ensure the top quality of the experimental data published.
We suggest some possible tools that could be useful for this assessment but it would be advisable that the main journals in this field establish a commitment to assure that this In addition, the restriction on the model parameter values during the correlation procedure (for ternary or higher systems) is convenient to guarantee the adequate prediction of the totally miscible binary subsystems, avoiding other tedious trial and error alternatives to ensure such consistency, which is in fact obviated in most of the cases. In the present paper, the mathematical function that limits the NRTL parameter M A N U S C R I P T
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15 values corresponding with the LL and L regions has been applied for that purpose and similar functions could be deduced for other activity coefficient models.
An additional check could be the calculation of the spinodal curves of the system using the Hessian matrix. This is a more laborious but more complete procedure of checking that could reveal some not as frequent but possible inconsistencies, such as the detection of non-existing ternary LL regions (island type). This problem would not be detected if only the binary subsystems, and the calculated tie-lines obtained using the parameters close to the experimental ones, were revised. Table   1b ) and experimental LLE tie-lines for the benzene (1) + cyclohexane (2) + dimethyl sulfoxide (DMSO) (3) ternary system at T=298.15 K (case 1): a) 3D representation, and b) sectional plane in the direction defined by the ternary tie-line #9.
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